Gastrointestinal stromal tumors (GISTs) are mesenchymal tumors distinguished by driver mutations in proto-oncogenes KIT or PDGFRA in 85-90% of cases. These mutations have been linked to the response to imatinib, a multikinase inhibitor, and have independent prognostic impact. Here, we describe the prospective study of the molecular characteristics of 104 GISTs from French adult patients analyzed routinely through the National Hospital Program of Molecular Cancer Diagnosis. All patients with GISTs diagnosed at the University Hospital of Besançon between August 2005 and October 2014 were prospectively included in the present study. KIT, PDGFRA and KRAS-codons 12 and 13 as well as BRAF codon 600 mutations were analyzed by Sanger sequencing or SNaPshot. KIT and PDGFRA mutations were detected in 71.2 and 19.2% of the cases, respectively. A total of 43 different mutations were detected of which 13 had never been described. As expected, KIT exon 9 and PDGFRA exon 18 mutations were associated with small bowel and gastric localizations respectively. No mutation was found in KRAS and BRAF. Molecular studies are critical to improve the management of GISTs. Our study enhances the current knowledge by describing 13 new mutations in KIT. A common molecular pattern in all KIT exon 11 substitutions is also described for the first time in this study but its significance remains unknown since genetic and environmental risk factors favoring the development of GISTs such as DNA repair defects and exposure to carcinogens are not currently known.
Introduction
Gastrointestinal stromal tumors (GISTs) are the most common mesenchymal tumors and account for 18% of all sarcomas (1) .
GISTs develop from a small subset of interstitial cells named Cajal cells and may arise anywhere in the gastrointestinal tract (60-70% in the stomach and 20-30% in the small intestine) and more rarely (less than 5%) in the omentum or mesentery (2) . GISTs usually occur in adults with a median age of 55-60 years. The annual incidence of GISTs worldwide is estimated to be between 11 and 19.6 per million inhabitants, corresponding to 500-600 new cases per year in France (3, 4) .
During the past decade, GISTs have emerged as a distinct group of gastrointestinal tumors with the discovery of the oncogenic role of the tyrosine kinase receptor KIT (also called stem cell factor receptor) whose expression is observed by immunohistochemical staining in more than 90% of GISTs (5) . In 75% of GISTs expressing the protooncogene KIT, a gain-of-function mutation in the tyrosine kinase domain of KIT leads to its constitutive activation (6) . Alternatively, somatic mutations in platelet-derived growth factor receptor α (PDGFRA), another tyrosine kinase receptor encoding gene can drive the development of GISTs in 15% of cases (7, 8) . In approximately 85% of pediatric GISTs and in a small subset of adult GISTs (10-15%), KIT and PDGFRA mutations have not been identified (9) . Mutations of BRAF have been reported in 3.5-13% of KIT/PDGFRA wild-type tumors but the pathogenic significance of such mutations still remains unknown (10) (11) (12) .
The vast majority of GISTs are sporadic but genetic predispositions have also been described. Thus, 7% of patients with neurofibromatosis type I develop GISTs, mostly multiple GISTs without KIT mutations. More rarely, germline mutations in succinate dehydrogenase complex, subunit B (SDHB), KIT or PDGFRA have been observed in familial forms of GIST (13) (14) (15) (16) .
The prognosis of GISTs varies widely. Since GISTs generally evolve without symptoms, more than 10% are diagnosed at the metastatic state. Complete surgical resection is the current standard of care in most localized GISTs. After resection, the estimated 15-year recurrence-free survival is 59.9%. Older age, a tumor size larger than 10 cm, a high mitotic count, non-gastric localization, presence of tumor rupture and male gender are independent adverse prognostic factors (17, 18) . For localized GISTs, the risk of relapse can be evaluated using Armed Forces Institute of Pathology (AFIP) or National Institutes of Health (NIH) classifications that are based on localization, tumor size, mitotic index and presence of rupture of the primary tumor (19, 20) . These classifications are critical for the management of adjuvant treatment in patients with GISTs and are likely to be enhanced by incorporating the mutational status of GISTs (21) .
Indeed, the rapid evolution in understanding the oncogenesis of GISTs leads to the use of effective targeted therapies. Most GISTs with KIT or PDGFRA mutations respond to imatinib, a multikinase inhibitor (22) (23) (24) (25) . Better responses are observed in GISTs with KIT exon 11 mutations than in patients with KIT exon 9 mutations, PDGFRA mutations or without mutations (26) . Unfortunately, around half of the patients who initially respond to imatinib develop resistance after a long period of treatment. Resistance to imatinib has been linked to secondary mutations involving mostly the same gene as the primary driver mutation (27) (28) (29) (30) (31) (32) . Alternative tyrosine kinase inhibitors that target KIT and PDGFRA such as sunitinib, nilotinib, sorafenib, regorafenib as well as other investigational inhibitors are currently being evaluated to treat imatinib-resistant GISTs (33) (34) (35) (36) .
The KIT and PDGFRA mutational spectrums have been well characterized in population-based studies in France (4), Norway (37) and Switzerland (38) . These studies have shown that 50-60% of primary GISTs present mutations in KIT exon 11 (encoding the transmembrane domain), 5-10% in KIT exon 9 (extracellular domain), 1-3% in KIT exon 13 (tyrosine kinase domain 1), <1% in KIT exon 17 (tyrosine kinase domain 2), 2-5% in PDGFRA exon 12 (transmembrane domain) and 2-12% in PDGFRA exon 18 (tyrosine kinase domain 2). Mutations in KIT exon 11 are the most heterogeneous mutations observed in GISTs with about 50% deletions, 34% substitutions, 6% duplications/insertions and 11% complex mutations.
We provide here a prospective study of the molecular characteristics of a series of 104 GISTs in hospital-based French adult patients.
Materials and methods
Study design and patients. All GIST cases diagnosed between August 2005 and October 2014 in the University Hospital of Besançon, France (n=104) were prospectively identified through the Department of Pathology and the Regional Molecular Genetics Centre of Besançon.
All patients with GIST during this period had routinely benefited from a molecular diagnosis according to the French National Public Cancer Program managed by the National Institute of Cancer (Institut National du Cancer, INCa) (39) . All specimens used in the present study were primary tumors except for 4 specimens corresponding to metastasis.
Ethics statement. All procedures followed were in accordance with the ethical standards of the committee responsible for human experimentation (institutional and national) and with the Helsinki Declaration of 1964 and later versions. According to the French legislation (Public Health Code modified by the law no. 2004-806, August 9, 2004 and the Huriet-Serusclat act 88-1138, December 20, 1988) and as this study only involved data extracted from medical records and stored histological specimens, no informed consent from the patients was necessary. Data collected from the Department of Pathology were strictly anonymous. The collection of specimens and their use for research were approved by the Ethics Committee of the University Hospital of Besançon.
Histopathological evaluation. The diagnosis of GIST was based on histological examination and confirmed using KIT/CD117 (clone 104D2, dilution 1/300; Dako, Les Ulis, France) and DOG-1 (clone SP31, dilution 1/150; Thermo Fisher Scientific, Villebon-sur-Yvette, France) immunostaining when appropriate. In each case, the largest diameter of the tumor was measured. Mitotic index was evaluated on 12.5 mm 2 of tumor and then converted to the number of mitoses/5 mm 2 . For localized GISTs, the potential risk of relapse was evaluated according to Miettinen criteria (20) .
DNA extraction. Tumor genomic DNA was extracted from formalin-fixed and paraffin-embedded (FFPE) or frozen tissues using QIAmp DNA Mini kit (Qiagen, Courtabeuf, France) according to the manufacturer's instructions. Prior to DNA extraction, separate hematoxylin and eosin stained slides were reviewed by a pathologist and manually microdissected when appropriate to ensure tumor content greater than 20%. Depending on the size of the fixed tissue, between 3 and 8 FFPE tissue sections of 10 µm thickness were processed for DNA extraction. DNA and tissue samples were collected by the Biobank BB-0033-00024 'Tumorothèque Régionale de Franche-Comté (TRFC)'.
KIT and PDGFRA mutations analysis by direct sequencing.
A sequential strategy analysis was adopted for the screening of KIT and PDGFRA mutations by Sanger sequencing. The most frequent sites of mutations (exons 9 and 11 of KIT and exon 18 of PDGFRA) were first analyzed. When no mutation was detected in the former exons, exons 13 and 17 of KIT and exon 12 of PDGFRA were subsequently sequenced. Genomic sequences of KIT (ENST00000288135) and PDGFRA (ENST00000257290) were obtained from Ensembl database (www.ensembl.org). Specific primers were designed using the online Primer-BLAST software (www.ncbi.nlm.nih. gov/tools/primer-blast/) (40) . Table I shows the details of the primer sequences and their annealing temperatures. Targeted sequences were amplified by PCR using the Qiagen Multiplex PCR kit (Qiagen). PCR conditions were as follows: 94˚C for 15 min, 40 cycles of 92˚C for 1 min, specific annealing temperature for 30 sec, 72˚C for 45 sec and finally 7 min at 72˚C. PCR products were purified using the gel extraction kit NucleoSpin Gel and PCR Clean-up (Macherey-Nagel, Hoerdt, France). Bidirectional sequencing reaction was performed using the DTCS Quick Start kit (SCIEX, Les Ulis, France). Reactions were run according to the following protocol: one cycle at 96˚C for 1 min; 15 cycles at 96˚C for 10 sec, 50˚C for 5 sec, 60˚C for 1 min 15 sec; 5 cycles of 96˚C for 10 sec, 50˚C for 5 sec, 60˚C for 1 min 30 sec; 5 cycles of 96˚C for 10 sec, 50˚C for 5 sec and 60˚C for 2 min. After purification with a NucleoSEQ kit (Macherey-Nagel), samples were run and analyzed on a CEQ 8000 sequencer (SCIEX). Finally, the sequences obtained were compared with the reference sequence of KIT or PDGFRA using CEQ 8000 analysis software. Our procedure included a systematic double review by two independent biologists.
KRAS and BRAF mutational analysis. Furthermore, all KIT/PDGFRA wild-type samples (n=10) were tested for Kirsten rat sarcoma (KRAS) codons 12 and 13 and BRAF codon 600 using a SNaPshot assay as previously described (41) . The sensitivity of the SNaPshot assay that we developed was previously evaluated using plasmid dilutions and ranged between 1-5% of mutant alleles (Magnin et al, 2011; supplemental Figs. S1-S7) (41) . In comparison, the Sanger assay that we used had a slightly higher level of detection that ranged between 5 and 10% of mutant alleles.
Statistical analysis.
Mean values and frequencies were used for the description of continuous and categorical variables, respectively. The proportions were compared using the Chi-squared test (or Fisher's exact test, if appropriate). All statistical tests were two-sided, and P-values <0.05 were considered as significant.
Results
Clinicopathological characteristics. Overall, samples from 104 GISTs corresponding to 103 patients including 60 males and 43 females were available for the present study. The main clinical and pathological characteristics of the GISTs are shown in Fig. 1 . The mean age at the time of diagnosis was 66.2 years ranging from 29 to 92 years. Primary tumors were localized within the stomach (66%), small bowel (29%), colon (2%), rectum (<1%), esophagus (<1%) and epiploon (<1%). A majority of GISTs (65%) had a tumor size between 2 and 10 cm and the mitotic index was <5/50 mm 2 in the majority of cases Mutational analysis. Characterization of the mutational status for KIT and PDGFRA was performed in all GISTs. KIT and PDGFRA mutations were detected in 90.4% cases, 71.2% in KIT and 19.2% in PDGFRA while no mutation was found in 9.6% specimens. A total of 43 different mutations were detected. Among them 36 were localized in KIT exon 11 of which 13 were not referenced in the COSMIC database (Table II) .
Altogether mutations in exon 9 and 11 of KIT and exon 18 of PDGFRA accounted for 93% of all mutations. Overall, the 9 most frequent mutations represented 55.2% of all mutations (Table III) .
In KIT exon 9, the classical duplication (p.Ala502_ Tyr503dup) was the only mutation identified.
As expected, KIT exon 11 mutations were more heterogeneous. The most frequent types of KIT exon 11 mutations were substitutions in 44.4% cases followed by deletions in 33.3% cases, complex mutations including insertions in 14.3% cases and tandem duplications in 7.9% cases. The detailed frequency of codon alterations is shown in Fig. 2 . KIT exon 11 deletions were predominantly clustered in the 5'-end of exon 11. The most frequently mutated codons of KIT exon 11 were 557 (in 39.6% of KIT exon 11 mutants), 558 and 560 (25.4% both). The most common deletion p.Trp557_Lys558del was found in 5 cases (8% of KIT exon 11 mutants). By contrast, all tandem duplications (n=5) occurred in the 3'-end of exon 11. The length of the duplications varied from 3 to 51 bp, mostly involving codons 573-579.
No mutation was found in KIT exon 17 and only one mutation was found in KIT exon 13 (p.Lys642Glu).
Regarding PDGFRA, all mutations observed in exon 18 corresponded to the classical p.Asp842val, except for 2 dele-tions (p.Asp842_His845del and p.Ile843_Asp846del). Only one mutation was found in exon 12 (p.val561Asp). Of note, a patient was diagnosed with double synchronous primary GISTs localized in the stomach. Both tumors had the same histological characteristics but, interestingly, they harbored 2 different mutations in PDGFRA (p.Asp842val and p.val561Asp).
Distribution of patients in our series according to the mutated exon was compared with that of patients from different geographical origins included in population-based studies and clinical trials ( Fig. 3) (4, 21, 37, 38, (42) (43) (44) (45) (46) (47) (48) (49) (50) (51) (52) . It appeared that the distribution of mutations greatly varied according to the population studied. In comparison with other studies, more PDGFRA exon 18 mutations and less KIT/ PDGFRA wild-type GISTs were found in the present study. For KIT exons 9, 11, 13 and 17 and for PDGFRA exon 12, our results were however in the same range.
In addition, all KIT/PDGFRA wild-type tumors (n=10) were tested for the presence of BRAF codon 600 and KRAS codon 12 and 13 mutations. No mutation was detected. Of note, one patient with wild-type GIST has been diagnosed with type I neurofibromatosis. 
All Association of tumor genotype with clinicopathological characteristics. Detailed distribution of patients according to mutations and clinicopathological characteristics is shown in Table Iv . It can be noted that GISTs with PDGFRA exon 18 mutations (n=18) were associated with primary gastric localization (18/18), tumors with KIT exon 9 mutations (n=10) were exclusively localized in the small bowel (10/10) while tumors with KIT exon 11 were respectively localized in the stomach (41/63), small bowel (18/63) and other sites (4/63) (p<0.001).
No other significant association was observed between KIT and PDGFRA mutations and the clinicopathological features of the GISTs. Furthermore, spindle cell type and mitotic index >5/50 mm 2 was less frequent in tumors harboring PDGFRA exon 18 mutation than in the whole series. Despite a tumor size greater than other GISTs, the estimated risk of relapse was more frequently very low/low in this subset of tumors (Table Iv) .
Advanced GISTs were diagnosed in 11 cases in our series and no association with a specific mutation was found. Finally, 15 patients (14%) also presented another malignancy of which 13 were synchronous. Of note, 25% of patients with PDGFRA mutations had other malignancies. (Table v and Fig. 4 ). No significant association was found between KIT exon 11 substitution and clinicopathological characteristics. However, patients with such mutation tended to be older than other patients of the present series (median age 69.5 vs. 66.37 in the whole cohort). Of note, in comparison with all patients, no epithelioid tumor was observed in patients with KIT exon 11 substitution, mitotic index was ≤5/50 mm 2 in 86 vs. 65% and tumor size was ≤5 cm in 66% in this subset of patients vs. 54% in all cases (Table Iv) .
Discussion
Here, we provide a prospective study of clinicopathological and molecular characteristics of 104 GISTs from a Northeastern French population.
All patients with GISTs diagnosed between August 2005 and October 2014 at the University Hospital of Besançon benefited from a routine molecular diagnosis as recommended by the French National Cancer Institute (INCa). Thus, our study reflects the distribution of clinicopathological and molecular features of GISTs in real life with the accuracy and the management of quality from a clinical laboratory.
The detailed molecular characterization of GISTs has become of great prognosis and therapeutic value in the past few years.
Indeed, treatment with the tyrosine kinase inhibitor imatinib led to significant improvement of survival of patients with KIT and PDGFRA mutated GISTs. Imatinib has been approved Table Iv . Continued.
KIT-mutated
All as the first line treatment of patients with advanced GISTs and substantially increased survival of these patients (10-20 vs. 51-57 months median survival) (53) (54) (55) . Subsequently, it has been shown that the position of KIT or PDGFRA mutations influences the response to imatinib. Thus, GISTs with KIT exon 11 mutant genotype are imatinib-responsive whereas mutations in PDGFRA exon 18 (mostly Asp842val) are associated with resistance to imatinib. GISTs with a mutation in KIT exon 9 (mostly Ala-Tyr502-503 duplications) are imatinib-responsive but doubling the dose of imatinib (400 mg twice daily) increases the progression-free survival significantly (56). Treatment of KIT/PDGFRA wild-type tumors is not currently standardized and the administration of imatinib in these patients remains controversial. Additionally, tumor genotype has been shown to have an independent prognostic relevance in patients with GISTs. KIT exon 9 duplications and KIT exon 11 deletions are known to be associated with aggressive tumor behavior and poor prognosis whereas patients with PDGFRA Asp842val mutant GISTs usually have a favorable outcome (57, 58) . Recently, Joensuu et al have shown that patients with PDGFRA mutations and those with KIT exon 11 duplication or deletion of one codon have favorable relapse-free survival (RFS) with surgery alone (47) . Thus, KIT and PDGFRA mutation analysis provides important information to estimate the risk of recurrence in patients with localized GISTs and deserve to be investigated to select candidates for adjuvant therapy.
The distribution of somatic mutations in GISTs has previously been characterized in large population-based studies and varies widely from one region of the globe to another but the reasons for these variations still remain unknown.
Thus, KIT and PDGFRA mutations are found respectively in 70 and 10% of cases in the USA (59), 70.7 and 20% in France (4), 67.9 and 1% in China (60) , and 72.4 and 6.5% in South Africa (61) . Notably, the variation of the genotype mainly involves the proportion of PDGFRA-mutated tumors. Such variations may be explained by several factors. First, it may be the result of variable diagnosis delays. PDGFRA-mutated tumors are known to evolve more slowly than KIT-mutated tumors. Consequently, the series that comprised a higher proportion of advanced GISTs had less PDGFRA-mutated tumors. Secondly, the technical procedures used to assess the mutational status of GISTs can influence the proportion of mutations in these different series. The Sanger sequencing probably allows a more extensive detection of rare variants compared with targeted methods. Thus, it may be assumed that the implementation of next-generation sequencing in clinical laboratories will change the current molecular epidemiology of GISTs. Finally, PDGFRA mutations may vary with the ethnic origins of patients with GISTs as shown in nonsmall cell lung cancer in which a higher proportion of somatic epidermal growth factor receptor (EGFR) mutations has been observed in the Asian population. In our series the distribution of KIT and PDGFRA mutations was quite similar to those of the MolecGIST study that reviewed tumor samples from 596 patients from all over France during a 24-month period. Notably, we observed a higher proportion of KIT exon 11 substitutions in the present study compared with MolecGIST (44.4 vs. 34.1%). A focused analysis of these substitutions has displayed a common molecular pattern consisting in all cases of a T>N point mutation located at codons 557, 559, 560 and 576. Analysis of the molecular pattern of KIT exon 11 substitutions in the MolecGIST cohort showed the same distribution with 97.9% mutations affecting a thymine at 4 different loci. Surprisingly, a recent Indian study of 70 GISTs revealed a different distribution with only 40% thymine substitutions among all KIT exon 11 point mutations (49) . Thus, we suggest that environment and/or genetic background may affect the distribution of point mutations in GISTs.
Environmental risks of cancer usually include exposure to carcinogens. Characteristic mutations in KIT exon 11 in GISTs may be mutational signatures that are linked to specific mutagens. Despite an increasing number of studies, little is known about the natural history of GISTs. Notably, the role of non-genetic risk factors, such as exposure to carcinogens, is not currently known.
Genetics risks include constitutional genomic instability and DNA repair defects. Such alterations have already been suggested to play a role in the oncogenesis of GISTs. Thus, methylation of mutL homolog 1 and MGMT have been observed in 60 and 49% of GISTs respectively and singlenucleotide polymorphisms (SNPs) in two other DNA repair genes, RAD23B and ERCC2, were associated with KIT exon 11 mutations (59, 62) .
Despite the advent of targeted therapies, the prognosis of GISTs, especially in advanced stages, is still poor and a better comprehension of genetic and environmental risk factors may allow the development of preventive and/or screening strategies for GISTs.
In conclusion, this study confirms existing data and enriches the knowledge of the genotypes of GISTs which is essential for therapeutic innovation. By describing 13 novel mutations in KIT, our data contribute to widen the spectrum of known mutations in GISTs and to confirm the most frequently altered regions underlying GIST development. It also confirms that KRAS exon 2 and BRAF v600 mutations are very scarce since no mutation was found in the wild-type GISTs in our series.
Finally, this study highlights the importance of taking into consideration the genetic and environmental risk factors favoring GIST development since the current scientific knowledge on this topic is still poor.
